Azobenzene-functionalized polymer films are functional materials, where the ( planar vs. homeotropic) orientation of azo-dyes can be used for storing data. In order to characterize the nanoscale 3D orientation of the pigments in sub-10 nm thick polymer films we use two complementary techniques: polarizationcontrolled tip-enhanced Raman scattering (TERS) microscopy and contact scanning capacity microscopy.
Introduction
The well-established properties of light at the nanoscale empower us to use it in a wide range of applications, including optical switching and storage 1-3 operating on the same principles as phase change semiconductor memory. 4 However, diffraction-limited optics are able to record as much information as ∼1 Gb in −2 . Non-linear optical effects, for example, two-photon fluorescence recording, 5 allow one to increase the recording density up to ∼100 Gb in −2 . Going beyond the diffraction limit, due to light localization, pushes the minimal storage extent down to a single chromophore of ∼1 nm in length. Thus, the memory capacity can be potentially increased up to the theoretical limit of ∼1 Pb in −2 . Moreover, as compared to diffraction-limited optics, the electromagnetic field confinement provides faster recording and read-out operations due to the enhanced light-matter interaction. A shortrange character of optical near-fields leads to photochromic films with a thickness of ∼10 nm or less, rather than bulk polymers.
Controlling the transverse and longitudinal diffraction-free optical anisotropy in photo-responsive organic solid materials is an ongoing challenge. 6 Considerable progress in polarization-controlled diffraction-limited optical microscopy has been achieved due to the longitudinal z-polarization of focused laser beams. [7] [8] [9] [10] [11] The simplest case is related to highly squeezed (NA > 1) linearly polarized light, for which the z-component of an electric field exceeds the transverse component by four times at NA = 1.49. 12 In practice, this approach is of little use because of mixed polarization; the focused light contains both (xy) transverse and (z) longitudinal polarization which are spatially mismatched. The polarization of light may be designed with focusing of higher order laser modes, 12 phase discontinuity of light, 13 and tunable orbital angular momentum. 14 Nowadays, axially symmetric radially and azimuthally polarized (RP and AP) light have found wide applications in the analysis of molecular orientation and symmetry. 6, 15 Evaluation and control of the near-field polarization state are directly linked to the properties of optical nano-antennas (often referred to as tips) such as their shape, size, and orientation relative to the polarization direction of the incident light. A de-focused imaging technique 16 and a polarizationdependent analysis 17, 18 provide the possibility to explicitly determine the direction of dipole oscillation at the tip apex. However, the tip apex polarizability tensor is commonly anisotropic since often it has an elongated shape. This is the main reason why the tip orientation tremendously affects the tip-light coupling. 19 It means that an upright tip, that is perfectly smooth and cone-shaped, illuminated with longitudinal light, provides a maximal contribution to the field enhancement, whereas its tilt relative to the light polarization direction inevitably reduces the strength of the coupling. 19 Generally speaking, the conical tips are not suitable for performing polarization-controlled near-field optical microscopy. For this purpose, a spherical nanoparticle-shaped tip apex with isotropic polarizability might be helpful to control the near-field polarization with the incident light in a wide angular range. 18 Unfortunately, the reproducibility of the sphere-like gold tip apexes prepared with electrochemical etching is still low. 20 An alternative approach is to bend the tip, as depicted in Fig. 1(a) , in such a way that the in-plane and out-of-plane 'pure' polarizations, perpendicular to each other, contribute to the field enhancement equally. The bent conical gold tip is coupled with the RP and AP light in an optimal way, as demonstrated in ref. 17. In this paper, we study the planar and homeotropic states of a sub-10 nm thick epoxy-based side-chain azo-polymer film using tip-enhanced Raman scattering (TERS) microscopy 6, 21 and contact scanning capacitance microscopy (c-SCM). 22 The enhancement of the TERS intensities depends dramatically on the near-field polarization, as was established earlier for both a radial breathing mode and a graphite mode of single-walled carbon nanotubes. 7, 8, 11 Inspired by this finding, we introduce near-field Raman dichroism for quantitative analysis of the molecular orientations of the polar azo-moieties in a glassy environment. In our approach, the out-of-plane orientation of the azo-dyes is set with a bias voltage (bv) gold tip, whereas the in-plane alignment is readily achieved with the resonant longitudinal near-field due to orientation angular burning (OAB). [23] [24] [25] [26] [27] [28] Non-destructive monitoring of the planar and homeotropic alignments can be probed with transverse and longitudinal non-resonant optical near-fields equally. In addition, we provide evidence for the planar and homeotropic states being robust and stable through probing the local permittivity of the azo-polymer thin film with the s-SCM tool.
Results and discussion
2.1. Photo-induced optical anisotropy in azo-polymers at the nanoscale Fig. 1(a) shows a sketch of an inverted optical system equipped with a scanning probe microscope, which we used in our experiments. The bent gold tip is attached to a conductive long tab of a horizontally oriented tuning fork. Armed with the near-field polarization analysis, 17 the tilt of the tip in respect to the z-direction is estimated to be approximately 42°. A high numerical aperture (NA = 1.49) 100× objective delivers the RP and AP light onto the tip apex to excite a localized surface plasmon in it. Strong focusing of axially symmetric RP and AP laser modes results in the longitudinal and transverse polarization (LP and TP), respectively. [6] [7] [8] [9] [10] [11] [12] The azobenzene-functionalized polymeric thin film is produced by spin-casting the polymer bulk onto an indium tin oxide (ITO) substrate that operates as a counter electrode. As a target sample of interest we have used a 4-amino-4′-nitroazobenzene chromophore (Disperse Orange 3) covalently attached to epoxy-based oligomers containing hydroxyl groups, further referred to as CFAO (T g = 130°C, M w = 24 200). 29, 30 This material is a promising non-linear optical medium for the second harmonics generation, showing a higher quadratic susceptibility of ∼62 pm V −1 . 29 A chemical structure of this molecule is shown in Fig. 1 (b). One should emphasize that no spacers are used to attach the azo-moiety to the backbone. Therefore, the bulk amorphous polymer cannot exhibit liquid crystalline behavior. A decrease of the thickness of the CFAO thin film down to several nanometers can lead to the rapid arrangement of the azo-chromophores due to their higher mobility. A schematic illustration of the chromophore orientation is given in Fig. 1(c) where the azo-dyes are randomly oriented either in or out of the thin film plane exposed to both longitudinally and transversely polarized light. As follows from Fig. 1 (c) the planar and homeotropic states are achieved using resonant LP and TP light due to the OAB effect, respectively. In order to differentiate the two orientational states their non-resonant counterparts are used. Alternatively, the out-of-plane arrangement may be induced by a local dc electrical field that is applied in the z-direction. In this case, the film becomes non-centrosymmetric, showing non-zero quadratic susceptibility.
A sub-10 nm thick CFAO film is prepared with spin-casting of the bulk polymer diluted by cyclohexanone in a volume proportion 1 : 100 ( Fig. 2 (a)), 1 : 150 ( Fig. 2(b) ), and 1 : 200 ( Fig. 2(c) ). As a result, we observe a spongy micro-structured thin film with the thickness estimated as the difference between the peaks in the heights histogram, as shown in the insets in Fig. 2 . The mean thickness of such films is in the order of 2.3 ± 0.3 nm. A solid thin film can be fabricated with a higher concentration of the polymer, however, its thickness gets inevitably larger. A structure of mesopores containing a polymeric bump at their core is caused by wettability of the polymer with the glass substrate. As follows from the figure, a decrease of the concentration of the polymer leads to an increase of the pore size. Due to the sub-wavelength spatial resolution, appropriate height constant valleys can be found on the ragged film to study orientation effects.
At lower concentrations, for example 1 : 400 or smaller, the pores are degenerated into randomly dispersed polymeric droplets. A dark depletion area is indicative of a CFAO monolayer. To confirm this, we make a straight scratch with a softer AFM cantilever (0.01 N m −1 ) in contact mode, as shown in Fig. 2 (c). Seeing it again in semi-contact mode reveals a ∼0.8 nm sized pitch on the cross-section ( Fig. 2(d) ) taken along the white dashed straight line in Fig. 2(c) . Thus, the thickness of the ragged film is estimated to be approximately 3.5 ± 0.3 nm. In particular, this finding allows the suggestion that the azo-dyes almost certainly lie in the thin film plane to minimize the surface free Gibbs energy. Adhesion forces have been measured with approach/withdrawal curves ( Fig. 2(d) ) at the points indicated with a circle (on the polymer bulk, 30 nN), a triangle (on the depletion area, 7.2 nN), and a square (on the pitch, 4.5 nN). These results confirm the assumption of the existence of the polymer depletion areas.
The orientation of the azo-chromophores is recognized by means of non-resonant polarization-controlled TERS (PC-TERS) microscopy of a ∼4.7 ± 0.3 nm thick CFAO film. An AFM image of the film is given in Fig. 3 (a). This figure clearly shows four depletion areas with polymeric bumps at their centers. These bumps are very helpful for assigning an optical response to the topography of the sample. Raman spectra with and without a bent gold tip illuminated with non-resonant 632.8 nm LP and TP light, taken at an arbitrary spot marked with a star, are shown in Fig. 3(b) . The intensity of the light at the CFAO film and the exposure time were ∼1 kW cm −2 and 10 s, respectively. Five-fold and twenty-fold enhancements were reached for longitudinal and transverse excitation. The two characteristic vibrational modes at 1110 cm −1 and 1147 cm −1 correspond to the Ph-NO 2 stretch and Ph-NN stretch. 31 A peak at 1130 cm −1 is negligible, which is commonly responsible for photodegradation of the CFAO thin film in air, as earlier reported. 6 PC-TERS maps at the 1147 cm −1 peak for both RP and AP incident light are shown in Fig. 3 
(c) and (d). A weak
Raman contrast with the LP excitation compared to that with the TP excitation is a convincing outcome for the in-plane arrangement of the azo-dyes. Bumps at the center of the depletion areas are unavailable because of the mismatched tiplight coupling upon altering the polarization. With the transverse excitation, the distribution of the intensity over the extent of the thin film is slightly inhomogeneous. Bright Raman responses coming from the bumps are shifted from the centers of the depletion zones due to the above-mentioned reason. It is important to notice that photo-isomerization comes into play when resonant PC-TERS microscopy is in use. Therefore, this instrument is not suitable for reading optical information stored with the chromophore due to the OAB effect. Along with photo-isomerization, the temperature-dependent mobility of polymeric chains plays a crucial role in the alignment of the azo-dyes. [32] [33] [34] At the above glass temperature, the azo-polymer thin film can be easily oriented with a corona discharge-based dc electrical poling. 30 In this case, the pigments are partly aligned out-of-plane towards the z-direction. A specific spectroscopic fingerprint of the ordered state is the appearance of the absorption dichroism in the visible region (for electronic excitations S 1 (nπ*) and S 2 (ππ*)) which can be defined as:
where μ nm = <m|μ|n> is a transition dipole moment between the electronic states |m> and |n>. Unlike the traditional formulas for linear or circular dichroism, longitudinal (out-ofplane) absorbance I ab k and transverse (in-plane) absorbance I ab ? are used in eqn (1) . The absorption dichroism, defined with eqn (1), serves as a quantitative indicator of the transverse and longitudinal orientation. For the isotropic state we have 2I ab k = I ab ? and therefore, D ab = 0. In the limiting cases, upon TP and LP light illumination, the dichroism should become −1 and 1, respectively. The change in the sign of this magnitude could be used to encode optical information. However, a direct measurement of the electronic absorption spectra I ab k and I ab ? results inevitably in the disturbance of the ordered state due to photo-isomerization. Non-resonant Raman spectroscopy and infrared spectroscopy are preferable to delicately probe the induced orientation in a non-destructive fashion. In far-field Raman spectroscopy, a depolarization ratio ρ is normally used to distinguish the molecular symmetry and vibrational modes. However, this magnitude is used for linearly polarized light only. In analogy with eqn (1) we introduce the following expression for near-field Raman dichroism at a vibrational mode ν:
where the transverse I R ? and longitudinal I R k polarized Raman intensities read as
where (α nm ) ij (i, j = (x, y, z)) are matrix elements of dynamic polarizability of the molecule, and the coordinate system is fixed with the z-axis orthogonal to the plane of the film. Because of weak light-matter interaction and phase retardation in the ordering of azo-chromophores in depth, PC-TERS microscopy is necessary to spectroscopically probe the azo-polymer films with sub-wavelength spatial resolution. However, the near-field polarization control is still challenging 16, 17 since switching of the polarization of the light leads to the mismatching of the tip apex and the focal spot. With this reason, we suggest rotation of a highly anisotropic rod-like molecule with a local dc electrical field. Instead of eqn (2) we introduce the voltage-dependent near-field Raman dichroism as follows:
where the light I R k is polarized towards the applied electric field, in our case, along the z-direction. One should keep in mind that the initial state of the sample has to be isotropic at V = 0. This approach simplifies the foregoing experimental setup ( Fig. 1(a) ), in which an upright gold conical tip is preferred. Fig. 4(a) shows resonant TERS spectra of the CFAO thin film, obtained with a biased (red dashed curve) and unbiased (blue dashed curve) gold tip. Both the noisy spectra were smoothed with a conventional singular value decomposition technique. The Raman spectra enhanced with an unbiased (0 V) and biased (+10 V) tip correspond to the blue solid curve and red solid curve, respectively. We have used the excitation wavelength of 532 nm, which lies within the absorption band, to improve the effect performance due to a reduced fluorescence, a photo-induced heating of the film and, finally, the OAB effect. The power focused on the sample under study and the exposure time were ∼1 kW cm −2 and 1 s, respectively. The intensities of all peaks are inhomogeneously increased when a voltage of 10 V between the gold tip and the ITO substrate is supplied. Special attention should be paid to the 1340 cm −1 peak assigned to the NO 2 symmetric stretch, which is enhanced in comparison with the other Raman peaks. 
where the numerical values are given in atomic units and the z-axis is directed along the chromophore. Despite the fact that these tensors have a similar structure, the changes in Raman intensities are noticeably different, as seen from Fig. 4(a) . Moreover, the induced dipole moment μ ind is determined as:
where α $ mol and α $ tip present a frequency-dependent molecule polarizability without and with a gold tip, g is an enhancement factor, and E inc ðωÞ is an oscillating optical field. μ ind is dependent on the properties of the gold tip and its orientation in respect to the molecule frame. Obviously, at g ≫ 1 a significant contribution to the Raman tensor is made with the tip-dependent molecule polarizability. Since the form of this tensor is in general not known, an understanding of no photobleaching at high intensity optical fields is still unavailable. It follows from the behavior of intensities peaked at 1340 cm −1 and 1400 cm −1 (NN symmetric stretch), which increase with the voltage rather than drop. 22 Thus, the longitudinal and transverse optical anisotropy of the CFAO polymer thin film exposed to optical and electrical fields at the nanoscale can be quantitatively characterized with the near-field Raman dichroism D R (V). Fig. 4(b) demonstrates a dependence of this magnitude versus the applied voltage for two characteristic vibrational modes. It also follows from the figure that the Raman dichroism for both peaks is saturated for voltages of above 5 V. It means that most of the azo-dyes are oriented out-of-plane and further increasing the voltage does not affect the homeotropic state. Furthermore, when the voltage is returned to zero, the Raman spectrum is reversibly restored under resonant illumination. In the dark, the oriented state retains its form for as long as several hours. This state can be safely unravelled with non-resonant near-fields. Closing this section, we conclude that control of the near-field polarization in TERS microscopy is of great advantage, as it allows one to probe the highly directional intrinsic properties of the azo-dyes within a glassy environment at the nanoscale. In the context of optical near-field memory this instrument may provide not only ultrahigh density data storage but contributes to error correction and polarization multiplexing. 1 
Nanoscale probing of the orientation of azo-chromophores with scanning capacitance microscopy
The orientation of the azo-chromophores under dc electrical and optical poling results in the occurrence of a surface potential due to negatively charged NO 2 tails. As was demonstrated earlier in ref. 6 , the Kelvin probe method allows one to locally probe the surface potential with nanometer scale accuracy. However, by supplying a dc electrical field in the tip-sample system, the CFAO thin film surface becomes charged not only because of the orientation of the azo-dyes but also because of an ionic injection mechanism. As a result, the external charges are exponentially relaxed and the net induced potential vanishes. 6 A direct measurement of the permittivity of the oriented thin film with c-SCM allows the injection effect to be reduced substantially so that its contribution becomes almost negligible. Despite the fact that c-SCM is one of the most common tools for analyzing doping profiles in semiconductorbased structures, it is a promising non-destructive tool to unravel the local molecular anisotropy based on a dielectric response of azobenzene-functionalized amorphous and liquid crystal polymers. As a result, stored charges in an insulator layer of the metal-insulator-semiconductor (MIS) heterostructure are easily recognized. Fig. 5(a) shows the sketch of the experimental setup for measuring the capacitance of the CFAO thin film. In our experiment, we intend to qualitatively estimate the capacitance C(V) + const, which is very sensitive to the surface topography. Fig. 5(b) , (e), ( j), (c), (f ), and (h) show the topography and capacitance of the CFAO thin films at different bias voltages (V dc = V tip − V sample ). In assumption of a plane capacitor, the permittivity may be evaluated as a product of the topography and capacitance maps, as given in Fig. 5(d) , (g), and (k). At zero bias, we observe the inhomogeneous distribution of the pigments in the thicker polymer. In the case of V dc = −10 V a permittivity contrast is noticeably enhanced. It means that all azo-chromophores are anchored along the electric field direction with negatively charged NO 2 ends that are oriented upward. In other words, longitudinal optical anisotropy takes place. Fig. 5(l) shows the heights histogram before (red curve) and after (blue curve) applying the dc electric field. We observe that the mean height of the polymeric structure increases by a magnitude of ∼0.7 nm, that is, approximately one chromophore in length. This state, generated with the dc electric field in the ultrathin film at room temperature, is stored for several hours. One should notice that the orientation polarization of the azo-dyes within thicker films drops enough rapidly. For example, a 100 nm thick polymer film holds the homeotropic state for 1-2 min only. 6 Cross-sections taken along dashed straight lines provide evidence that the azo-chromophores are more easily oriented in the vicinity of interfacial features rather than in thicker fragments of the polymer. In particular, a crater-like peculiarity is formed on the surface of the polymeric fragment ( Fig. 5(m) ).
In the case of V dc = +10 V the permittivity contrast vanishes. This is explained by the in-plane arrangement of the azochromophores, since they cannot follow the electrical field because of the substrate. It gives rise to the transverse anisotropy, by which all chromophores are randomly dispersed in the film plane. Thus, changing the polarity of the applied voltage allows us to handle the oriented states between the planar and homeotropic arrangement of the azo-dyes.
The surface charge that occurs is followed by out-of-plane alignment of the azo-moieties with negatively charged ends going upward. One should bear in mind that the positively charged end group is at load, whereas the other one is free to move ( Fig. 1(c) ). The induced potential is dependent on the dipole moment of the azo-dyes and their concentration. Therefore, changes in the net surface potential Δφ, according to the Helmholtz equation, 35, 36 read as:
where N is the density of azo-chromophores, μ is the dipole moment, θ is the average tilt angle of the dipole with respect to the surface normal, ε pol is the relative permittivity of the CFAO polymer, and ε 0 is the permittivity of a vacuum. Several important properties of the polar polymer thin film, such as the order and dipole depolarization, can be derived from eqn (6) . 35 Each azo-dye can be considered as an individual local dipole that contributes into the surface potential enhancement. If the azo-dyes concentration is low then the dipoles are located far from each other. Such a system tends to a disordered state and the surface potential vanishes in time. Increasing the azo-dye density in a glassy environment can lead to the depolarization effect and the resulting dipole moment becomes negligible. However, in an ordered polymer ultrathin film with a high concentration of the pigments a cooperative molecular effect 35 comes into play due to a dipoledipole interaction.
Conclusions
In summary, we conclude that a reversible transition between the planar and homeotropic orientation of the azo-chromophores in the sub-10 nm CFAO film can be performed with a hybrid method. The longitudinal optical anisotropy comes with a local dc electric field, whereas the transverse anisotropy is induced with localized longitudinal resonant excitation. This approach potentially can provide access to a single chromophore to store optical information. Thus, the amorphous side-chain azo-polymer thin film may serve as an emerging medium for optical switching and storage. PC-TERS empowers us to both encode and decipher in-plane and out-ofplane phase states with sub-wavelength spatial resolution. Importantly, a bent gold tip provides equal contributions to the field enhancement with transverse and longitudinal optical near-fields regardless of the polarization of incident far-fields. Nanoscale quantitative analysis of the polarization orientation can be performed by measuring the near-field Raman dichroism. We have demonstrated changes in the nearfield Raman dichroism for different molecular orientations of the pigments driven by the applied voltage. The use of this parameter requires more theoretical work to provide further insights into the mechanism of TERS. The in-and out-of-plane orientation of the azo-polymer thin film that is exposed to a dc electric field is visualized by means of a local permittivity registered with the c-SCM instrument. The stability of the polar homeotropic phase of the CFAO thin film exposed to a dc electric field may be caused by the dipole-dipole interaction between the azo-dyes within the sub-10 nm polymer film provided that they contain a high concentration of the pigments. This state holds during several hours. It is important to notice that the ordering state of the azo-dyes is strongly sensitive to the mobility of polymeric groups and backbones. In other words, α,β,γ-transitions in polymers play a crucial role in holding side-chains oriented. However, with a decreasing film thickness, the glass transition temperature (α-transition) may drop considerably. 37 Due to interfacial interactions, the glass transition temperature is dependent on a substrate and its choice is of great importance for stability of the oriented thin film. Finally, we suggest that the results of this study will be helpful to develop the next generation of non-volatile reversible near-field optical memory materials, as an emerging prospective candidate for future big data storage.
Methods

Sample preparation
A 4-amino-4′-nitroazobenzene chromophore covalently attached to the polymer backbone of epoxy-based oligomers containing hydroxyl groups (CFAO) was synthesized by M. Balakina's research group 29, 30 and helpfully brought to us for experimental study. A solution was prepared by dissolving 7 wt% CFAO compound in 1 mL cyclohexanone. To control the film thickness we diluted the bulky polymer with cyclohexanone in volume proportions as indicated in the text. The thin film was produced by means of spin-coating ∼1 μL CFAO solution onto an ITO/glass substrate at a rotation rate of 12 000 rpm for 3 min. In order to eliminate remaining solvent the thin film was annealed at the glass temperature of 130°C and 10 mbar for 2 h.
Gold tip preparation
TERS-active gold tips were fabricated from a 100 μm gold wire ( purity 99.99%, Goodfellow) immersed in a mixture of fuming hydrochloric acid (HCl, 37%), isopropanol (CH 3 CH(OH)CH 3 , 96%) and distilled water in a volume proportion of 0.5 : 0.3 : 0.2, by means of dc-pulsed voltage electrochemical etching with a self-tuneable duty cycle and working potentials of V b = 1.5 V and V up = 1.9 V. 38 With that, ∼20 nm curvature radius gold tips were obtained (inset in Fig. 1(a) ). Once prepared, the probes were thoroughly rinsed with distilled water and dried with nitrogen. After that, they were under mechanical load to become bent and glued to a conductive long tab of a horizontally oriented tuning fork (TF103_NTF, NT-MDT) operating at a resonance frequency of ∼192 kHz, as shown in Fig. 1(a) . Approaching the gold tip to a thin film was safely performed with the help of a normal force feedback scheme with a scanning head (SNLG103NTF, NT-MDT) at a set-point value as small as ∼95%.
TERS measurements
All transmission mode TERS spectra and near-field imaging are measured with scanning probe microscopy (SPM) equipped
